Sjögren's syndrome (SS) is an autoimmune epithelitis characterized by mononuclear cell (MNC) infiltration of the lacrimal and salivary glands (SG), as well as the presence of serum autoantibodies. This condition is a growing public health concern in Algeria. Herein, we sought to determine if the levels of interleukin (IL)-6, IL-17A, and nitric oxide (NO), were correlated with the extent of MNC infiltration. The expression of inducible NO synthase (NOS2) and CD68 was measured in the SG of all patients, but not in those of the normal controls (NCs). We included 44 primary Sjögren's syndrome (pSS) patients and 15 NCs in this study; we found that the expression of NOS2 and CD68 was elevated in all of the SG of SS patients. Additionally, the serum and saliva levels of IL-6, IL-17A, and NO were higher in the pSS patients, compared with the NCs. Furthermore, the NOS2-induced excess NO was associated with the extent of the MNC infiltration, and thereby with tissue injury. It is also important to note that there were correlations between the levels of IL-6, IL-17A, and NO. Such findings indicate that through the effects of NO, IL-17A participates in the pathophysiology of the disease. With the purpose of improving both the diagnosis and prognosis, IL-6, IL-17A, and NO should be assayed in the serum and saliva of patients suspected of SS.
Introduction
Sjögren's syndrome (SS) is a type of autoimmune epithelitis characterized by mononuclear cell (MNC) infiltration of the exocrine tissues. 1 The ensuing dryness results in the lacrimal keratoconjunctivitis sicca and xerostomia of the salivary glands (SG). This syndrome may occur alone as primary (pSS) or develop out of a connective tissue disease, known as secondary (sSS) (e.g. scleroderma, rheumatoid arthritis, and systemic lupus erythematosus). Moreover, pSS may be complicated by a variety of extraglandular disorders, including peripheral neuropathy or lung disease. Genetic, environmental, and hormonal features interact to breach tolerance by activating T and B lymphocytes, and the affected SGs are characterized by lymphocytic foci surrounding the acini and salivary ducts. Given their local predominance over B cells, T cells have long been suggested to play a leading role in the development of this autoimmune condition. In this respect, the reciprocal development pathways 2 for the generation of pathogenic T helper (Th)-17 and regulatory T cells (Treg) are aberrant, endowing T cells with a pivotal role in the pathophysiology of the disease. 3 The consequence is that a myriad of self-reactive antibodies (Ab) are produced. However, in contrast to this early paradigm, recent evidence suggests that B cells contribute to the development of SS. [4] [5] [6] In an attempt to unravel this complex network, a number of untested hypotheses have been proposed. 7 At the forefront remains rheumatoid factor (RF), which reflects the disease activity, as well as antinuclear Ab (ANA), involving those directed to SSA or SSB antigens (Ag). These are the only serological markers promoted as criteria for the classification of pSS by the American-European Consensus Group. 8 The balance of pro-inflammatory relative to anti-inflammatory cytokines is also disturbed. 9 By definition, the first group of cytokines favors inflammation, including tumor-necrosis factor (TNF)-α, produced by CD4 + T cells, as well as myeloid or epithelial cells (EC), and exerts costimulatory effects on various cell types. Interleukin (IL)-6 is another primary cytokine, promoting the synthesis of auto-antibodies through secondary cytokine production by local B lymphocytes. 10 Alternatively, IL-6 can synergize with IL-1β and transforming growth factor (TGF) β to skew the polarization of Th cells towards Th17 at the expense of Tregs. 2, 3 The production of IL-17A exhibits proinflammatory properties, and is derived from T cells, as well as natural killer and dendritic cells (DC). IL-17A production also influences multiple types of leukocytes (i.e. B cells and Ag-presenting cells), encouraging the release of supplemental cytokines, chemokines, and metalloproteases. 3, 11, 12 Conversely, IL-10 is produced by macrophages (MØ), DCs, Tregs, and B lymphocytes, and functions to suppress the immune response. However, IL-10 has recently been shown to play a paradoxical role, in that excess secretion can worsen several diseases, leading to the destruction of ECs. 13 One of the plausible mediators is nitric oxide (NO), a free radical synthesized from L-arginine 14 by inducible NO synthase (NOS2). NO has an immunoregulatory effect and, as a result, governs the function of the SG. [15] [16] [17] Interestingly, NO overproduction has also been seen in hydatidosis, 18 Behçet's disease, 19 periodontitis, 20 and inflammatory bowel diseases. 21 In MØ, NO is synthesized by NOS2 22,23 following TLR stimulation (e.g. lipopolysaccharide exposure), as well as the presence of TNF-α and interferon (IFN)-γ, inferring that the NOS2 gene is differentially regulated by IL-4, IL-6, IL-10, TNFα, and IFN-γ.
Since pSS is a growing public health concern in our country as in Morocco, 24 we explored the cytokines and NO levels in both the serum and saliva in Algerian pSS patients. These levels were then compared to the extent of the infiltration of SG and the ensuing tissue damage. Next, the local NOS2 expression in the salivary gland was evaluated relative to the serial serum and salivary levels of IL-6, IL-10, TNF-α, and NO. The results below establish that these mediators function in concert in the development of SS.
Material and methods

Patients and controls
The Department of Internal Medicine of Maillot Hospital recruited 44 patients fulfilling the 2002 revised American-European classification criteria for pSS. 8 For the purpose of uniformity, patients with sSS were excluded. There were 40 women and four men, with an average age of 43.9 ± 13.1 years, and a disease duration of 6.9 ± 5.4 years. The most frequent extraglandular disorders consisted of joint involvement in 25 cases and Raynaud's phenomenon in 20 cases. None of the patients were administered genuine immunosuppressive drugs, although they all received steroids at a dose of 5 mg/d for an average of 5.7 ± 3.2 years. Written, informed consent was signed by the patients as required by our ethical committee. The 15 NCs consisted of healthy volunteers age and sex-matched to the patients. There were 12 women and three men aged 41.4 ± 15.9 years. None of the subjects had a history of lymphoma, infection with human immunodeficiency virus, or hepatitis B/C virus infection. All patients ( Table 1) were examined for extraglandular complications.
Examination of the serum and saliva
Nephelometry was used to detect gammaglobulin and RF, and indirect immunofluorescence was used to assess ANA, anticentromere (ACA), anti-SSA, and anti-SSB Abs. A serum aliquot was stored at −45°C until cytokine and NO2 − analysis was performed. The serum and saliva were collected from patients and NCs after an overnight fast. Before supplying their saliva, all rinsed their mouth with water for 1 min. Mastication was stimulated by chewing parafilm for 5 min. Saliva was then submitted to a 5 min 1000 × g centrifugation at 4°C. Supernatants were kept frozen until they were analyzed.
Labial salivary gland biopsies
SG biopsy specimens were fixed for 24 h in phosphate-buffered saline containing 10% formaldehyde at room temperature, embedded in paraffin, and 2-µm tissue sections were stained with hematoxylin and eosin. The samples were blindly analyzed by two histopathologists. All specimens revealed at least one focus of ~50 MNC per 4 mm 2 . 25, 26 Finally, the lesions were categorized into: (1) early SS with 1-2 foci per lobule scored 1 as described in Tarpley et al.; 27 (2) intermediate SS with 2-3 foci per lobule scored 2; and (3) severe SS with diffuse infiltration of the acini were scored 3 when their destruction was partial or 4 when it was total.
Cytokine assays
The levels of serum and salivary IL-6, IL-10, IL-17A, and TNF-α (sensitivity: 2, 0.2, 0.1, and 1 pg/mL, respectively) were determined using commercial enzyme-linked immunosorbent assays (ELISA) according to the manufacturers' instructions (Invitrogen for IL-6, IL-10 and 1L-17A, and IBL International for TNF-α). The concentrations were calculated using standard curves.
Measurement of nitric oxide production
The modified Griess method was used to determine the NO2 − levels in the saliva and serum samples. NO2 − is a stable downstream product of NO, as described by our group. 18, 19 Briefly, a 100 µL sample was mixed with 50 µL of 5% sulfanilamide, 0.5% naphthyl ethylenediamine dihydrochloride, plus 20% HCl. The preparations were then incubated for 20 min and optical densities read using a spectrophotometer at 543 nm. The nitrite concentration was determined relative to the standard curve constructed using sodium nitrite.
Immunohistochemistry of the salivary gland samples
Paraffin-embedded SG sections were deparaffinized, rehydrated, subjected to Ag retrieval in the appropriate buffer, and placed in a blocking solution containing 5% skimmed milk. These specimens were incubated with anti-CD4 or anti-CD68 Abs (CellMarque) for 1 h, or with 10 µg/mL anti-NOS2 Ab (Santa Cruz) overnight in a humid chamber at 4°C. Its binding was revealed using a horseradish-peroxidase-conjugated anti-mouse IgG Ab followed by DAB (ThermoScientific). The DAB solution was freshly prepared, counterstained with Mayer's hematoxylin, and mounted with Eukitt (both from Sigma). As a negative control, the first-layer Ab was omitted. Slides were examined using a standard light microscope, and photos were taken using a digital camera at a ×100 and ×400 magnification. To quantify CD4, CD68, and NOS2 expression, electronic images of 30 optical fields per biopsy under high-power field microscopy (×400) were chosen using the Powershot A640 digital camera (Canon). Stained cells were manually enumerated using the cell counter plugin of the ImageJ software by two independent observers. The markers were expressed as the numbers of positive cells per mm 2 . Moreover, as a control, the first-layer Ab was omitted.
Statistical analysis
Data were expressed as the means ± standard deviation. Differences between groups were evaluated using a Mann-Whitney U test, and correlations were calculated using the Spearman test. Results were considered significant when the P value was <0.05.
Results
Serum markers parallel mononuclear cell infiltration
Anti-SSA Abs were found in 35 patients and anti-SSB in 21 pSS patients ( Table 2 ). The relationships between these Abs and the levels of RF and ACA, as well as the grade of MNC infiltration, are depicted in Figure 1 . The grade elevation was nonsignificant in the presence anti-SSA Abs, but was significant for anti-SSB Abs. However, this was not the case for RF and ACA.
IL-6, IL-10, IL-17A, and TNF-α in the saliva and serum
The levels of IL-6, IL-10, IL-17A, and TNF-α in the serum and saliva (Table 3) were elevated in the pSS patients compared with the NCs. Importantly, none had cytokine levels below the limit of sensitivity for any of the tests. Additionally, there was no relationship between these levels and the length of time the patients had been taking steroids.
However, it is worth noting that the overproduction of IL-6, IL-10, and IL-17A in the saliva (Figure 2a ) and serum ( Figure 2b ) correlated with the grade of SG infiltration. In contrast, this was not observed for TNF-α.
IL-6 and IL-17A levels correlate with nitric oxide production
Compared with the NCs, the level of NO was higher in the pSS patients' serum ( Figure 3a : 284.4 ± 67.2 vs. 118.3 ± 36.7 µM; P <0.001) and the saliva (Figure 3b : 39.5 ± 11.5 vs. 18.6 ± 1.8 µM; P <0.001). Similar to that described above, the NO levels of the pSS patients varied according to their infiltration grade. Furthermore, variations in the salivary NO levels over time paralleled with the infiltration grade progression (Figure 4a ). There was also a similar trend of these relationships observed in the serum (Figure 4b ). In contrast, there was a striking correlation between the levels of NO and that of IL-6 and IL-17A in the saliva (Figure 5a , P <0.001 for both cytokines) and serum (Figure 5b , P <0.001 for both cytokines).
Histopathology of the salivary glands
Histopathology of the pSS patients' SGs (NCs were not biopsied) revealed inflammatory infiltrates and focal sialadenitis close to the acini and the ducts. The degree of MNC infiltration increased, together with moderate acinar atrophic changes in early and intermediate pSS (from the left to the right in Figure 6a ). As predicted, patients with severe SS exhibited such an extensive infiltration of MNC, widespread destruction of the ECs, and general dilatation of the acini and ducts. Numbers of positive individuals, with the percentages of positivity in parentheses.
Figure 1.
Infiltrated salivary glands of primary Sjögren's syndrome patients, were classified according to serological markers. Patients were positive or negative for anti-SSA antibodies (Ab), anti-SSB Ab, rheumatoid factor (RF), and anticentromere Ab (ACA). Grade differences between the positive and negative patients were: ***P <0.001 between SSB+ and SSB -, non-significant (NS) for SSA+ vs. SSA -, RF+ and RF -, and ACA+ vs. ACApatients. 
Detection of CD4, CD68, and NOS2 in PSS patients' salivary glands
An in-depth histochemical analysis revealed that there were CD4 + , CD68 + , and NOS2 + expressing cells in the inflammatory areas (from the top to the bottom in Figure 6b ). Moreover, all of the SG samples produced NOS2. Intriguingly, NOS2 was predominant in the acinar and ductal ECs (arrowheads in Figure 6b ). On the other hand, CD4 + T lymphocytes and CD68 + MØ were confined to the inflammatory infiltrate. Moreover, the numbers of NOS2 + and CD68 + cells increased. Conversely, the number of CD4 + T lymphocytes decreased relative to the increase in the grade of inflammation (Figure 7 ).
Discussion
Primary SS is associated with a plethora of autoAbs 1, 4, 7, 28 and the Algerian pSS patients presented with both SSA and SSB Abs. Not only are these Abs acknowledged as part of the criteria for the classification of pSS, but they are also suspected of being pathogenic. 29 In this respect, some reports, 7, 26, 30 but not all authors, 1, 31, 32 allege that serological markers correlate with the various histological abnormalities observed in pSS. Compelling support for this viewpoint is derived from our findings that severe infiltration is associated with anti-SSA and anti-SSB Abs. Therefore, patients positive for both Abs or only for anti-SSB Abs, scored a higher histopathology grade than those positive only for anti-SSA Abs. 33 Figure 2 . NS, non-significant. P values are *<0.05, **<0.01, and ***<0.001.
In line with previous reports, 29, 30, 34, 35 systemic and salivary NO were elevated in SS patients. Clearly, NO maintains the function of the SGs, and thereby regulates the salivary flux. Peroxynitrite, which is derived from NO reacting with superoxide, is believed to refine cell signaling, and participates in the tissue pathogenesis. 36 The higher the serum levels of NO; the more severe the apoptosis-mediated lesions. Therefore, every likelihood asserts that NO damages the SGs, as confirmed by our findings that NOS2 accompanies the presence of numerous MØ as well as extensive tissue damage. In contrast, evidence that CD4 + cells do not increase according to the infiltration grade may simply mean that the response is localized. Furthermore, the presence of MØ teaches implies that even non-specific inflammation is be pathogenic in pSS, as described in a report of MØ related to cryoglobulinemia, ECs involvement, and lymphoma. 37 We are the first to demonstrate a relationship between NO, NOS2, histopathology, and tissue lesions in pSS. Thus, an excess of NOS and prominent cellular infiltrate depends on the presence of inflammatory cytokines. Moreover, excessive NO nitrosylates and functional proteins promote apoptosis. 34 Thus, the inducible enzyme may participate in tissue damage through the excess production of NO. Indeed, some degree of inflammation is required for NOS2 to be produced in patients with periodontitis. 20 Given the presence of NOS2 in the histological samples, both acinar and ductal ECs produce NO. This could be a result of the local cytokines as reflected by the expression of NOS2 and the subsequent synthesis of NO synthesized in ECs cultured with IL-1β. 38 Therefore, activated ECs likely initiate the autoimmune cascade. Supporting this view, our results assign a key role to the ECs of the acini and ducts.
The Algerian SS patients in this study were found to have elevated serum and salivary levels of IL-10 as observed in other populations. [39] [40] [41] Moreover, the serum levels of IL-10 were correlated with the number of MNCs found in the SG infiltrate. Similarly, correlations have also been found between the serum levels of IL-10, and the focus scores of pSS, 40 as well as the severity of systemic lupus erythematosus. 41 It has also been postulated that high serum IL-10 levels increase the susceptibility to pSS. 39 Although IL-10 synergizes with IL-6 to promote the maturation of plasma cells, it does not equilibrate the system. Furthermore, resistance to apoptosis would be defective in pSS. 17, 42 Our results suggest that IL-10 is not sufficient to resist the level of IL-17A, TNF-α, and IL-6-induced inflammation. Therefore, the balance between proand anti-inflammatory cytokines is unbalanced. There is a need for larger samples of SS patients to identify the mechanisms through which IL-10 is regulated in pSS.
The levels of IL-6, IL-17A, and TNF-α follow the inflammatory status. [38] [39] [40] [41] [42] [43] However, it is unclear if the increases in IL-6 10, 43, 44 and IL-17A 3, 12 are involved in NOS2 upregulation. The assumption is endorsed by the correlation between the in situ production of these cytokines, the over-expression of NOS2, and the subsequent progression of the disease. Supporting this concept, Alunno et al. 45 have reported that IL-17A serum levels are correlated with the SS disease duration. Surprisingly, in contrast to NO, TNF-α diminished as the infiltration evolved, confirming the previously reported 46 lack of correlation between the serum levels of TNF-α and the focus score. This negative result does not negate a role for the cytokine, since there was a higher concentration of serum and salivary TNF-α in the SS patients than in the NCs. 45 It is also important to note that the serum and salivary IL-6 and IL-17A correlated with the amount of infiltration, implicating these cytokines in its progression. Their expression also correlates with the degree of SG inflammation. 10, 44, 46 Moreover, IL-6 influences the immune response by inhibiting Tregs, and favoring IL-17-producing Th17 cells which are key in the physiopathology of SS. 3, 11, 12 This is confirmed by our finding that IL-6, IL-17A, and NO evolve together with the amount of cellular infiltration. Given that Toll-like receptor (TLR)-2, 47 TLR-4, 48 and TLR-9 49 have an effect on IL-6 production and B cell maturation, anti-TLRs, 50 competitors of the IL-6 receptor, 51 warrant further attention for the treatment of non-organ-specific autoimmune diseases. In addition, several studies conducted in inflammatory and experimental autoimmune models indicate a beneficial immunomodulatory effect of TLR2/4 inhibitors, such as VGX-1027. [52] [53] [54] In this context, it was reported that the use of TLR2 and TLR4 inhibitors have exhibited preclinical efficacy in human immuno-inflammatory diseases, such as rheumatoid arthritis and colitis. [52] [53] [54] The VGX-1027 molecule may be a potential drug candidate for pSS treatment. In addition, IL-6 synergizes with other cytokines to polarize Th cells towards an Th17 phenotype. These Th17 cells function to orchestrate autoreactive B cell germinal centers in autoimmune conditions. 55 This effect may be targeted by rituximab (RTX), directed towards the B cell CD20 marker, as reported elsewhere. 56 Although IL-17-producing pathogenic T cells bear CD20, 57 and RTX modulates IL-17 expression in the SG of patients, 58 B lymphocytes may be the primary culprits of the auto-immune process. Among other evidence, this mechanism relies on: (1) the B cell dependence of T cell activation in the rheumatoid synovium; 59 (2) the contribution of IL-6 on the expression of recombination-activating gene enzymes in B lymphocytes; 60 and (3) the need for RTX-induced Il-6-producing B cell depletion for the treatment of T cell-mediated autoimmune diseases (e.g. multiple sclerosis). 61 Finally, the impact of epigenetics on immune tolerance should also be elucidated. 62 Taken together, our results suggest that the IL-6-IL-17A axis operates in connection with NOS2 overexpression. Furthermore, IL-6, IL-17A, and NO provide novel targets to improve management of SS. Therefore, there is a need to pursue future studies aimed at elucidating the mechanisms of the NOS2 upregulation via the Th17 pathway in pSS.
